Objectives-To evaluate the influence of examiner experience on the accuracy of sonographic weight estimation and to further analyze examiners' individual learning curves.
B
irth weight is an important predictive parameter for neonatal morbidity and mortality, and as such, it exerts a strong influence on obstetric and neonatal management. Delivery of a macrosomic fetus, for example, is associated with several peripartum complications, such as a prolonged second stage of labor and serious maternal or fetal trauma. [1] [2] [3] On the other hand, fetuses with a birth weight of less than 10% for gestational age have higher rates of neonatal mortality and morbidity than normal-birth-weight neonates and are at greater risk for neurologic and developmental deficits during childhood. [4] [5] [6] [7] During the past 40 years, sonographic assessment of the fetus and estimation of fetal weight have become part of routine practice in obstetrics. Nowadays, sonographic biometry has become the most frequently used technique for the assessment of fetal weight. Several formulas have been published, most of them involving combinations of several biometric parameters. [8] [9] [10] [11] However, the quality of the examination is operator dependent, and the lack of adequate examiner experience can lead to diagnostic errors that could decrease the quality of care and may eventually result in legal issues. [12] [13] [14] So far, the accuracy of fetal weight estimation has been studied extensively. 8, 15 Percentages of fetal weight estimations within 10% of the actual birth weight ranged from 19% to 87%. 15 However, most of these studies were limited because of small sample sizes, and the sonographic weight estimations were obtained by a varying number of examiners with a wide variation of experience. To date, only a few studies assessed the influence of examiner experience on the accuracy of fetal weight estimation, and those studies that addressed this issue found inconsistent results. [16] [17] [18] [19] Furthermore, little is known about how rapidly an acceptable, individual degree of skill can be achieved over the course of the residents' training program. Balsyte et al 20 reported that different numbers of scans are required for different examiners to achieve competence in estimating birth weight. In their study, however, the diagnostic performance of only 3 different trainees was analyzed. The aim of this study was to evaluate the influence of examiner experience on the accuracy of sonographic weight estimation and to further analyze examiners' individual learning curves.
Materials and Methods
This retrospective cross-sectional multicenter study included 4613 sonographic weight estimations over a 12-year period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , performed by 18 examiners at the beginning of their ultrasound training. All examinations were performed in 1 of the 2 involved level III perinatal centers in Germany. Both centers are referral centers with more than 2000 deliveries per year, treating a comparable patient collective (both high-risk referrals and low-risk deliveries).
An automatic query of our perinatal ultrasound database was conducted with the following inclusion criteria: singleton pregnancy; sonographic examination with complete biometric parameters, including biparietal diameter, occipitofrontal diameter, head circumference (2.325 3 [(occipitofrontal) 2 10 which includes head circumference, abdominal circumference, and femur diaphysis length. Gestational age was calculated from the last menstrual period and was confirmed or recalculated by biometric measurements obtained from the first fetal biometric examination in early pregnancy (in accordance with the recommendations of the American College of Obstetricians and Gynecologists. 21 The examinations were performed in accordance with widely accepted quality standards. 22, 23 A variety of ultrasound machines (Elegra, Sonoline, G60 S, and Sienna; Siemens Medical Solutions, Erlangen, Germany; Voluson E8, 730 Expert, and eLaptop; GE Healthcare, Solingen, Germany; and Xario and Nemio; Toshiba Medical Systems, Neuss, Germany) were used with standard techniques. Birth weight and neonatal length were measured within 1 hour after delivery by the nursing staff. Measurements were given in centimeters and birth weight in grams. In the departments in which the study was conducted, fetal weight is routinely measured by sonography during the diagnostic workup. All data were collected routinely and were completely anonymized. Therefore, the retrospective analysis of these data for the purpose of the study did not require ethical approval.
Principle clinical parameters for the study sample are presented as median values with interquartile ranges or numbers with percentages as appropriate. Overall group differences for these parameters were assessed by Kruskal-Wallis rank sum tests for metric variables and v 2 tests for categorical variables.
The accuracy of the estimated fetal weight was assessed by calculating the following parameters: (1) percentage error ([estimated fetal weight -birth weight]/ birth weight 3 100), the mean of which reflects the systematic deviation of a model from the actual birth weight; (2) random error (standard deviation of the percentage error), a measure of precision that reflects the random component of the prediction error; (3) absolute percentage error (|(estimated fetal weight -birth weight)/birth weight| 3 100), which takes both the systematic and random error into account; and (4) percentage of fetal weight estimations falling within prespecified error bounds (absolute percentage error <15%).
To assess the effect of experience on the accuracy of weight estimation, we performed a multivariable mixed regression model analysis with the percentage error and absolute percentage error as outcome variables (the latter transformed by its square root to ensure normally distributed residuals) and the perinatal center as the random intercept. The examiner and the examiner's experience were included as fixed effects (experience categorized into groups: group 1, 0-50 examinations; group 2, 51-100 examinations; group 3, 101-200 examinations; group 4, 201-300 examinations; and group 5, >300 examinations). To account for possible differences in the cases performed by the examiners in their different stages of experience, we additionally incorporated birth weight, gestational age, scan-to-delivery interval and maternal body mass index (BMI) as fixed effects, therefore effectively adjusting for these variables. Accordingly, generalized mixed effect models were computed for the binary outcome of fetal weight estimations falling within an absolute percentage error of less than 15%. The significance of effects was assessed by likelihood ratio tests (overall effect of examiners or the experience group) and Wald tests (comparing the groups with their reference). The same analysis was also performed on subsamples containing only observations with very high (>4000 g) or low (<2500 g) birth weight. For sensitivity reasons, we also repeated the regression analysis with 2 extensions: First, to adjust for a possible bias due to the ultrasound machine, we additionally incorporated the applied device as a confounder. In a second step, to rule out a selection bias due to possible early dropout of well-performing examiners, we repeated the regression analysis also based only on the examiners with more than 300 examinations.
To account for the nonlinear structure of the experience effect, we also performed a nonlinear regression analysis, including the number of examinations directly in generalized additive mixed models 24 with the same structure as the linear mixed models described above. We report the resulting smooth effect of the number of examinations and the corresponding confidence bands representing the uncertainty of the estimation. 25 The individual learning curves of the examiners were analyzed by the cumulative summation (CUSUM) technique. 20, 26, 27 We assessed learning CUSUM curves for each examiner, plotting a cumulative score based on the absolute percentage error. The score was subsequently added for each performed scan and depended on the achieved prediction performance. Similar to Balsyte et al, 20 we considered an examination a failure if the corresponding absolute percentage error was greater than 15%, which as a consequence led to an increasing curve; otherwise, the curve decreased. The acceptable failure rate, which controlled the steepness of the increment or descent, was set to 5%. A subsequently increasing curve can be interpreted as low learning performance, as the examiner repeatedly fails to achieve an absolute percentage error of less than 15%. A decreasing curve, on the other hand, can be interpreted as a positive effect of the examiner's experience on the prediction performance. We included horizontal boundary lines to further facilitate the interpretation. The spacing between the boundary lines depended on the failure rates described above but also on a and b errors. The a error refers to the probability of wrongly classifying the performance of a trainee to be unacceptable, whereas b refers to the probability of wrongly confirming acceptable performance. As proposed by Bolsin and Colson, 28 we set both error types to 0.1: The learning graph highlighted the gain of competence if it crossed 2 consecutive boundary lines from above. Unacceptable performance could be declared if it crossed 2 consecutive boundary lines from below. At the beginning of the process, the starting point 0 could be counted as the first intersection. 20, 26, 27 Additionally, we analyzed double CUSUM charts based on the percentage error, which are favorable for assessing systematic errors. For the double CUSUM, 
Results
A total of 4613 sonographic weight estimations performed by 18 different examiners at the beginning of their ultrasound training were analyzed. Table 1 shows the main maternal and fetal parameters with regard to the different study groups and locations. Significant overall group differences were found for the maternal BMI and the number of fetuses with a birth weight of greater than 4000 g.
In the groups by number of examinations, the best performance was achieved in group 4 (200-300 examinations), whereas the lowest accuracy was shown in group 5 (>300 examinations). Multivariable mixed regression analyses showed a significant influence of the number of examinations on the accuracy of sonographic weight estimation after adjustment for birth weight, gestational age, scan-to-delivery interval, maternal BMI, different examiners, and the study location for both mean percentage error and median absolute percentage error. After adjustment for the above-mentioned parameters, mean percentage error values of group 3 (100-200 examinations) and group 4 were significantly better in comparison with group 1, whereas no significant differences were found for group 2 (50-100 examinations) and group 5 ( Table 2) . With regard to median absolute percentage error values, significantly better performance was found for groups 2, 3, and 4 in comparison with group 1, whereas the other intergroup differences did not reach statistical significance (Tables 2 and 3) .
Regarding the percentage of fetal weight estimations falling within the prespecified error bound of 615%, the lowest value was found in group 1. In groups 2 to 5, values showed significant differences in comparison with group 1 (Table 2) . Figure 1 represents the nonlinear effect of the number of examinations on mean percentage error and median absolute percentage error values estimated by .029
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Male fetus, n (%) Regarding the random errors, the best performance was achieved between 100 and 200 examinations (group 3), whereas the highest values were found in group 1 ( Table 2 ).
In the subcollective of macrosomic fetuses (>4000 g), overall, lower accuracy was achieved in all examination groups (Table 4) . With regard to median absolute percentage errors, by far the lowest accuracy was found in group 1, whereas in groups 2 to 5, better performance was achieved, with only slight differences between the groups but significant differences in comparison with group 1. For mean percentage errors, again, the lowest value was found in group 1, whereas the best performance was achieved in group 5. Random error was lowest in group 4, with the highest value found in group 1. Regarding the percentage of fetal weight estimations falling within the prespecified error bound of 6%, the lowest accuracy was found in group 1, whereas in groups 2 to 5, better performance was achieved. However, significant differences in comparison with group 1 were only found for groups 3 and 4.
For the group of fetuses with a birth weight of less than 2500 g, the respective median absolute percentage error and mean percentage error values are shown in Table 5 . Regarding mean percentage errors, the value was lowest in group 4 and highest in group 2 and was closest to 0 in group 3. For median absolute percentage errors, the lowest value was found in group 3, whereas the highest value was found in group 4. Random error was also lowest in group 3, with the highest value found in group 1. Regarding the percentage of fetal weight estimations falling within the prespecified error bound of 615%, the lowest accuracy was found in group 2, whereas in the other groups, better performance was achieved.
The additional sensitivity analysis based only on examiners who performed more than 300 examinations (5 examiners with a total of 1936 scans) did confirm our primary analysis: the overall group effects for the experience in the linear models remained significant for absolute percentage error and percentage error, and the shape of the smooth effect (cf, Figure 1 ) was also very similar for this subgroup (results not shown).
Also, incorporation of the ultrasound machine used did not affect the overall results, although this information was only available for parts of the data set (information available for 2605 examinations). The variable did not have an effect (overall P 5 .787, F test), nor did it lead to changes in the significance of the grouping variable (examiner's experience) or the examiner.
All statistical regression models showed a significant influence of the individual examiner on the accuracy of sonographic weight estimation (P < .001). Figure 2 shows a comparison of individual mean percentage error and median absolute percentage error values of all examiners. The overall mean percentage error was lowest for examiner 12 and highest for examiner 16 and was closest to 0 for examiner 15. Individual learning curves for the P values refer to the Wald test comparing adjusted group coefficients in mixed regression models (with percentage errors and absolute percentage errors as outcome variables, birth weight, gestational age, scan-to-delivery interval, and maternal BMI as fixed effects, and study center as a random effect) with their reference (group 1). Abbreviations are as in Table 2 . continuous improvement toward the end of the observation period and falling below the upper control limit at around 55 examinations ( Figure 3B ). The accuracy of examiner 12 was very limited during the whole observation period, as the slope was constantly rising and repeatedly crossing various boundary lines from below. Only toward the end of the study period (beginning after 200 scans) could a slight improvement be detected ( Figure 4A ). The percentage error values in Figure 4B show a distinct underestimation of fetal weight during the whole observation period, as the distance between the negative CUSUM score and 0 grew remarkably with the increasing number of examinations. In accordance with the formerly assumed improvement, this trend relaxed somehow at the end of the observation window.
For examiner 15, after an initial phase of alternating success, the learning curve rose between approximately 45 and 75 examinations, crossing 2 consecutive boundary lines from below, revealing unacceptable performance. After this point, the graph moved constantly downward, repeatedly crossing various boundary lines from above with only a few violations of the error bound until the end of the observation period, revealing a high P values refer to the Wald test comparing adjusted group coefficients in mixed regression models (with percentage errors and absolute percentage errors as outcome variables, birth weight, gestational age, scan-to-delivery interval, and maternal BMI as fixed effects, and study center as a random effect) with their reference (group 1). Abbreviations are as in Table 2 . degree of competence in sonographic weight estimation ( Figure 5A ). The double CUSUM chart based on percentage error values shows a rather precise process, with several positive and negative deviations indicating only short series of both overestimation and underestimation that were quickly compensated ( Figure 5B ). The individual learning curves for the other examiners are shown in online supplemental Figure S1 . 
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Discussion
For the first time to our knowledge, the influence of operator experience on the accuracy of sonographic weight estimation was analyzed in a large group of examiners from the very beginning of their ultrasound training including more than 4000 sonographic examinations. A typical learning curve with improving accuracy was found until approximately 200 examinations. Interestingly, between 200 and 300 examinations, the diagnostic performance started to deteriorate, with a continuous decrease until the end of the study period. A possible explanation for this unexpected result may be found in the fact that sonographic weight estimation is considered by many a basic diagnostic procedure, for which once a certain degree of experience has been gained, attention to detail may be lost, resulting in reduced accuracy. In a study performed by Predanic et al, 18 a total of 300 sonographic estimates of fetal weight and corresponding birth weight were collected and stratified into 4 groups by the level of residents' experience, from level 1 (inexperienced, with <6 months of exposure) to level 4 (advanced experience, with at least 24 months of training). A significant increase in the accuracy of sonographic estimates of fetal weight was observed with advancing levels of resident experience. Overall, median absolute percentage error values of 8.6% were achieved with one of the Hadlock formulas. Among the least experienced residents (<6 months of training) a median absolute percentage error of 10.4% was shown, and the most experienced operators (24 months) achieved a median absolute percentage error of 6.9%. In our study, overall median absolute percentage error values were found to be slightly lower. However, in contrast to the latter study, the lowest diagnostic accuracy was shown in the group of beginners and in the group of the most experienced examiners. In the latter study, only 300 sonographic weight estimations were analyzed (compared with 4613 in this study). Furthermore, the level of experience in this study was defined by the duration of training rather than the number of examinations. Therefore, the results of the two studies may not be directly comparable.
In the group of macrosomic fetuses (birth weight >4000 g), overall, clearly lower accuracy was achieved in all examination groups. These results are in analogy with those of several other studies, demonstrating lower accuracy in sonographic weight estimations performed at the upper and of the weight spectrum, with a significant underestimation of fetal weight. 8, 29, 30 In contrast to the findings in the whole study population, in macrosomic fetuses, the lowest accuracy was found in group 1, whereas in groups 2 to 5 better performance was achieved, with only slight differences between the groups. These findings may be explained by the fact that 
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Faschingbauer et al-Examiner Experience and Sonographic Fetal Weight Estimation in this subgroup of fetuses, a precise sonographic weight estimation is particularly challenging. In these pregnancies, several maternal factors, such as an increased BMI, could reduce the image quality and therefore impede accurate sonographic weight estimation, particularly for less-experienced operators. However, because of the small sample sizes within the different study groups, these results have to be interpreted with caution. In contrast to these results, Chauhan et al, 31 evaluating the accuracy of sonographic weight estimation in macrosomic fetuses, found no differences with regard to examiner experience. In that study, the diagnostic performance of only 2 groups of examiners (fellows versus residents) was analyzed in a small group of only 67 fetuses.
Our data reveal a significant influence of the individual examiner on the accuracy of sonographic weight estimation. Mean percentage errors varied considerably. These results are in analogy with those of Kurmanavicius et al. 32 In their study, the role of examiners on accuracy of estimated fetal weight was analyzed in a cohort of more than 5000 pregnancies. The accuracy of fetal weight estimation significantly varied between the examiners. Among 10 different operators with more than 100 examinations the mean percentage errors of estimated fetal weight ranged between 21.3% and 4.0%. In the latter study, however, the influence of experience on the accuracy of sonographic weight estimation was not evaluated, nor was the development of individual learning curves demonstrated.
To analyze these individual learning curves of the examiners, in our study, the CUSUM technique was applied. This technique, having already been applied in different fields of medicine, can be used to evaluate dynamic, longitudinal changes in individual diagnostic performance. 26, 33, 34 It is a graphic evaluation method of quality control that displays changes in diagnostic performance over time, providing objective information on a case-by-case basis. 26, 35 The feasibility of this technique for quality control of fetal biometry was already shown by Balsyte et al. 20 In their study, they analyzed individual learning curves of 3 different examiners at the beginning of their ultrasound training. In analogy with our results, the CUSUM charts in the latter study showed clear differences between the trainees. Although one operator estimated fetal weight rather efficiently and consistently from the very beginning, the accuracy of examiner 3 was very limited during nearly the whole study period. As the diagnostic performance of only 3 different examiners was analyzed in that study, general conclusions on the influence of experience on the accuracy of sonographic weight estimation can only cautiously be drawn.
The strength of our study was the longitudinal evaluation of the effect of experience of several different examiners in a large sample on the accuracy of sonographic weight estimation. However, there were also some limitations:
1. The Hadlock formula that was used to calculate the estimated fetal weight in this study is based on direct measurements of head and abdominal circumference. In this study, however, most of the abdominal and head circumference measurements were calculated indirectly using the transverse diameters. These indirect measurements of the circumferences could have introduced an additional error. However, this error would have been consistent for all participants in all groups and would therefore not influence the general conclusions of this study. 2. Another potential error might have been introduced by the wide range of ultrasound equipment used in this study. However, in our opinion, this problem reflects everyday clinical practice in large perinatal centers. Furthermore, the results of our sensitivity analysis (based on the subgroup in which the information was available) indicate that the overall effect of the experience was not affected by this potential bias. 3. In the setting of this study, it would be interesting to know how long examiners took for their examinations and to correlate this factor with their experience and accuracy. Unfortunately, because of the retrospective design of the study, these data were not available. 4. All examinations were performed close to delivery.
Therefore, the results of this study may not be generalizable to earlier assessment of fetal weight estimation. 5. The number of observations from examiners who performed more than 300 examinations was smaller than the ones in the earlier stages of experience, leading to wider confidence bands for the smooth effect in this region (Figure 1 ). One could further argue that the poorer performance at this stage could have been influenced by a selection bias, as examiners with better performance might have dropped out earlier. However, the sensitivity analysis based only on the subgroup of examiners who reached 300 scans confirmed the results of our primary analysis, further emphasizing the finding that the observed intergroup differences were a result of the examiner's experience.
These data indicate a highly significant influence of the individual examiner on the accuracy of sonographic weight estimation. Currently, approval of competence in several medical areas is based on a certain number of procedures that have to be performed. 36 Dresang et al 37 recommended that examiners should complete 200 scans over 3 years to achieve competence. In Germany, where this study was conducted, a trainee has to perform more than 300 sonographic examinations to prove sufficient competence, as required by the German Medical Society of Ultrasound. 22 Our findings, however, show that, at least for sonographic fetal weight estimation, individual learning curves vary greatly between different examiners. Furthermore, a nonlinear effect of experience on the accuracy of sonographic weight estimation with a decrease in diagnostic performance after about 200 to 300 scans was demonstrated.
In conclusion, these findings indicate the great importance of continuous quality control systems in sonographic weight estimation. Application of the CUSUM technique to control the accuracy of sonographic weight estimation is feasible and useful for supervising and improving the individual diagnostic performance of the trainee examiner.
